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ABSTRACT 
Spontaneous emission (SE) of a Quantum emitter depends mainly on the transmission strength between the upper and 
lower energy levels as well as the Local Density of States (LDOS)
[1]
 . When a QD is placed in near a plasmon 
waveguide, LDOS of the QD is increased due to addition of the non-radiative decay and a plasmonic decay channel to 
free space emission
[2-4]
. The slow velocity and dramatic concentration of the electric field of the plasmon can capture 
majority of the SE into guided plasmon mode ( pl ).  
This paper focused on studying the effect of waveguide height on the efficiency of coupling QD decay into plasmon 
mode using a numerical model based on finite elemental method (FEM). Symmetric gap waveguide considered in this 
paper support single mode and QD as a dipole emitter. 2D simulation models are done to find normalized pl   and 3D 
models are used to find probability of SE decaying into plasmon mode (  ) including all three decay channels. It is 
found out that changing gap height can increase QD-plasmon coupling, by up to a factor of 5 and optimally placed QD 
up to a factor of 8. To make the paper more realistic we briefly studied the effect of sharpness of the waveguide edge on 
SE emission into guided plasmon mode. Preliminary nano gap waveguide fabrication and testing are already underway. 
Authors expect to compare the theoretical results with experimental outcomes in the future.  
Key words: Plasmonics, Quantum dots, Spontaneous emission 
 INTRODUCTION: 
Surface plasmons can exist when the dielectric permittivities of the two isotropic media in contact have opposite signs. 
Due to the dramatic concentration of EM field at the interface, and slow motion of charge-density waves enable 
plasmons to interact with incoming light. Plasmons when coupled to photons can propagate along the metal-dielectric 
interface.  
Plasmon waveguides provide sub-wavelength confinement in two dimensions and help to guide light in nanoscale. 
Trade-off between confinement and loss demands a prudent choice of waveguide geometry. Nano gap waveguides 
consist of a gap in a thin metal film which provides a good subwavelength localisation of the guided mode. Phase 
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velocities of plasmons that propagate in a nanosized metallic gap strongly depend on the gap dimensions
[5]
. This means 
that by scaling the gap, the phase velocities can be controlled.  
Spontaneous emission of a QD mainly depends on the strength of the upper and lower energy levels of the transition and 
the photonic environment
[1]
. It is possible to tailor the available number of states which emitting photon can occupy by 
changing the photonic environment. Similar example is keeping a QD near a plasmonic waveguide instead in a free 
space. It increases the number of decay channels for the excited QD 
[2, 4, 6, 7]
. In addition to decaying in to free space, 
some of the spontaneous emission will be decayed non-radiatively in to heat losses of the metal. Majority of the SE will 
be captured by the plasmons on the metal surface and propagate as SPPs.  
In this paper, we have focused on controlling plasmon propagation on a nano gap waveguide using a QD in near vicinity. 
Our aim is to study the effects of the symmetry of the gap waveguide, and the height of the gap on spontaneous emission 
coupling to surface plasmons and last not least optimise the SE-plasmon coupling by varying the distance between QD 
and waveguide surface.  
 
METHOD: 
The spontaneous emission of a QD into a plasmon mode ( pl ) can be determined using Green’s Dyadic for the E-field 
for the plasmon mode; 
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where 0  is the permittivity of vacuum, 0k  is the wavenumber in vacuum, zˆ  is the unit vector in z  direction and A is 
the transverse plane of the waveguide with the well-defined field components. plˆ  represents the normalised pl  with 
respect to vacuum ( 0 ). Mathematical analysis of determining plˆ  is shown by Cheng et al.
[2]
. 
Probability of QD excited a single plasmon mode is given by spontaneous emission β factor 
tot
pl



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totˆ is the sum of all three decay modes.  
Determining plˆ  is imperative in optimising the QD-waveguide coupling. The spontaneous emission β factor defines the 
possibility of rate of spontaneous emission of QD into the guided plasmon mode
[2]
. β factor of 1 means the QD decays 
totally into a plasmon mode
[2]
.   
Nano gap waveguide considered in this model is less than (or equal) 100 nm cross section ensuring a single bound 
plasmon mode and length is sufficiently long enough to assume propagating SPPs do not reflect and couple back to QD. 
QD is considered as a dipole of 1 nm line current of 1 A. Size of the QD should be less than 2 nm to avoid higher order 
multiple modes
[2]
. 
Symmetric waveguide consisted of gold with refractive index n1= 0.2567+6.8191i surrounding dielectric medium of 
SiO2 with n2= 1.53
[8]
 (refer figure 1).  Gap width kept constant at 50 nm.  Gap height varied from 10 nm to 100 nm. 
Emission wavelength of the QD was chosen to be 1 µm.  
2D finite elemental modelling technique was used to model the fundamental plasmon mode fields and determine plˆ . 
Using COMSOL multiphysics it was shown that fundamental mode has a strong yE   component with maximal field 
along the waveguide edges (refer Figure 2). QD emission components parallel in y direction can be easily coupled to 
fundamental plasmon mode of the waveguide. So, QDs were placed 5 nm top of the waveguide edge (unless stated 
otherwise) to maximise the QD-plasmon interaction (refer figure 1 and 2).  
A 3D model was used to accommodate SE’s radiative decay channel and non-radiative decay into resistive heat of the 
metal.  
 
Figure 1: Schematic diagram of a symmetric waveguide. Ey measured along the line. 
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RESULTS: 
According to Eq. 1, plˆ  depends on the field strength in the position of the QD. Symmetric waveguides have higher 
field concentration at the metal/ SiO2 interface corners (refer Figure 2). 
 
 
Figure 2: Field plots of the |Ey| for symmetric gap waveguide. Intensity of the field is measured along the line indicated. Waveguide 
has 50 nm x 50 nm cross section.  
 
Wavenumber and propagation length of the fundamental mode of the two waveguides provide insight into the QD-
plasmon coupling. Wavenumber and plasmon propagation length is shown in Figure 3 below. Propagation length defines 
as the distance plasmon has travelled when its electric field amplitude drops factor of e. Higher wavenumber represents 
slower group velocity. When the group velocity is lower, plasmon can capture more photons from the spontaneous 
emission leading to higher LDOS. Slow group velocity plasmons have low propagation length. According to the Figure 
3, wavenumber decreases with increasing gap height. When the gap height is increased, plasmons tend to localise in the 
gap area and are freer to propagate with higher group velocity.  
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Figure 3: (a) Wavenumber of the fundamental mode vs. gap height, (b) propagation length vs gap height.  
 
Normalised pl for symmetric gap waveguides are shown in Figure 4 (a) below. As expected from previous deductions, 
normalised rate of SE coupling into plasmon mode is decreased with increasing gap height. Following the trend of plˆ , 
probability of plasmon coupling to SE of the QD decreases with increasing gap height as evidenced in Figure 4 (b). At 
lower gap height, low group velocity of plasmons captures majority of the SE in to guided plasmon mode.  
 
 
Figure 4:  (a) Normalised pl  vs gap height (b)  vs gap height. 
Until this point, distance between QD and waveguide surface ( sd ) was kept fixed at 5 nm. Non-radiative decay channel 
is significant when the distance between QD and metal surface is low. In this section we fixed the gap cross section at 50 
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nm x 50 nm and varied sd  from 2.5 nm to 70 nm to observe the effect of sd in  . As shown in Figure 5, when sd is 
lower than 10 nm, non-radiative decay channel is significant reducing  . When sd is much higher than 10 nm, as the 
field strength low. In the system, coupling efficiency has increased by a factor of 3 by optimally placing the QD. 
 
Figure 5: Dependence of   on distance between QD and waveguide surface.  
 
In reality, it is harder to fabricate gap waveguides with 90° sharp edges. We introduced roundness with radius sr less 
than or equal to height of the gap to each edge (inset of figure 6) and calculated normalised rate of SE coupling into 
plasmon mode. As depicted in figure 6, rate drops by factor of 2 at 5 nm edge roundness. The mode exhibits a strong 
concentration at the edges but strength of the electric field around the edge is slightly weakened at round edges. We 
could conclude that sharpness has a significant effect on the QD- gap plasmon coupling. Even though it is hard to control 
the detailed shape of the sharp edge in the fabrication process, it is better to make the edges sharp as possible for higher 
QD emission in to plasmon mode decay rate.   
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 Figure 6: Normalised pl  vs edge roundness. Inset provides a schematic diagram of the 2D waveguide with rounded edges. 
 
  
DISCUSSION: 
In conclusion, optimally placed quantum dot can enhance the QD – plasmon interaction. Furthermore, smaller gap 
heights increase the number of local density of states hence increase the probability of capturing spontaneous emission in 
to guided plasmon mode in waveguide. Maintaining the symmetry of the waveguide can increase the optimal coupling 
efficiency up to 97%. Finally, sharpness of the edge has a significant impact of plasmon mode field strength. In 
fabricating process, Even though it is hard to control the detailed shape of the sharp edge, it is better to make the edges 
sharp as possible for higher QD emission in to plasmon mode decay rate. Authors expect outcome of this paper would be 
useful in active control of plasmon propagation in plasmonic waveguides. 
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